Background. The tomato is the most important horticultural crop in the world, regarding area of cultivation and yield. The main production areas have arid and semi-arid climates, with scarce rainfall, which forces the use of saline water for irrigation -leading to a decrease in the agronomic yield of the crop. Currently, many soilless cultivation systems are considered for tomato production, although the behavior of the plants when saline water is used for irrigation is not known in detail. Methods. In this work we study the agronomic and physiological responses of the tomato variety 'Óptima', using different soilless crop systems (perlite substrate, hydroponics, and the nutrient film technique) and several levels of salinity in the irrigation water. The yield, quality parameters, vegetative growth, mineral composition, water relations, and gas exchange parameters were measured. Results and conclusions. Salinity caused changes in the water status of the plants, toxicity due to Cl -and Na + , and nutritional imbalances that altered the physiology of the plants, thereby reducing yield, although the fruit quality was improved. Regarding the crop system, hydroponics gave a higher marketable yield, both with and without salinity, with a consumption of nutrient solution intermediate between that of the nutrient film and perlite. Salinity reduced yield similarly in all systems. Plants cultivated with the nutrient film technique had the highest concentrations of Cl -and Na + and the highest Na + /K + ratio.
and the highest Na + /K + ratio. The concentrations of Cl -and Na + in the plants were not
INTRODUCTION

60
On a worldwide basis, tomato is the most important horticultural crop, with a total 61 production and cultivated area estimated at 164 Mt and 4.76 Mha, respectively. China is 62 the main producer, with 31.0% of the total world production and 20.6% of the total 63 cultivated area (FAOSTAT, 2015) , while Spain is the country with the highest mean tomato yield (81.3 t ha -1 ). In Spain, as in other countries, tomato crops are grown mainly 65 in areas having an arid or semi-arid Mediterranean climate, characterized by an average 66 annual rainfall of less than 300 mm. Since tomato is a plant that requires a large amount 67 of water for its development (Cuartero and Fernández-Muñoz, 1998) , in areas with a
68
shortage of good-quality water for irrigation farmers use poor-quality water -from wells 69 or groundwater aquifers -containing a high concentration of soluble salts, mainly NaCl,
70
which decreases the agronomic yield.
71
Soilless production of tomato crops in greenhouses has increased dramatically in 72 recent years. This is due to the fact that these systems allow nutrition and irrigation to 73 be controlled more efficiently, which generates higher yields (Kotsiras et al., 2016; 74 Savvas et al., 2013; Urrestarazu, 2013) . In addition, they reduce the incidence of 75 pathological problems considerably, implying lower initial investment costs, and avoid 76 contamination of soils and aquifers by nitrate and pesticides, thus contributing to the 77 practice of sustainable agriculture (Putra et al., 2015) . In countries with environmental 78 legislation, the use of these systems is being encouraged, to minimize the damage to 79 natural ecosystems caused by excessive use of fertilizer (Gallardo et al., 2006) .
80
Tomato plants are considered moderately sensitive to salinity (Cuartero and 81 Fernández-Muñoz, 1998) . The growth and yield of the crop begin to decline when the 82 electrical conductivity (EC) of the nutrient solution (NS) with which it is cultivated 83 exceeds 2.5-4.0 dS m -1 (Bustomi et al., 2014) . This level of salinity adversely affects the 84 vegetative development of the roots and aerial parts, as well as the yield and water use 85 efficiency -although it improves the quality of those fruits that do not suffer any 86 physiological disorder or pathogen infection, since their concentration of total soluble 87 solids increases (Zhant et al., 2017; Kamrani et al., 2013; Al-Omran et al., 2012; 88 Lovelli et al., 2011; Oztekin and Tuzel, 2011) . The first effect of salinity on plants is the 89 4 "osmotic effect", since the roots are exposed to excess salt in the growth medium -90 which limits the uptake of water, creating a water deficit in the plant that has negative 91 effects on growth. As the time of exposure to salt increases, plants begin to suffer 92 phytotoxicity, due to Cl -and Na + accumulation, and nutritional imbalances, as the 93 uptake of some nutrients is inhibited (Zhang et al., 2016; Zhang et al., 2017) . These 94 three factors will negatively influence the physiological and metabolic processes of 95 plants -such as photosynthesis, respiration, and cell division (Shimul et al., 2014) -and 96 will lead to the synthesis of reactive oxygen species, which ultimately cause a decrease 97 in vegetative growth and yield (Tuna et al., 2014) .
98
In soilless cropping systems, the irrigation must be sufficient to maintain high 99 crop evapotranspiration rates and an adequate supply of nutrients, while ensuring 100 adequate levels of oxygen in the root system and low salt accumulation (Meric et al., 101 2011; Fan et al., 2012 (NFT), are also used. In the case of the former, the roots are always submerged in the 107 NS, which is oxygenated by a continuous flow of air, while in the NFT the recirculating
108
NS is supplied to the roots from time to time according to the needs of the crop.
109
However, how plants respond to these systems when saline water is used for irrigation
110
has not yet been studied in detail. Therefore, the aim of this experiment was to compare systems -namely, perlite and the pure hydroponic system. respectively (Table 1) .
129
The plants, from a commercial nursery (Baby Plant, SL, Santomera, Murcia),
130
were transplanted (14 days after sowing) into the three crop systems selected for this UT). The turgor potential (Ψ P ) was calculated as the difference between Ψ w and Ψ π .
202
The net assimilation of CO 2 (ACO2), stomatal conductance (g s ), leaf transpiration
203
(E leaf ), and ACO2/E leaf ratio were measured on the same day as the leaf water relations, 204 using a portable photosynthesis system (model CIRAS-2, PP-System, Amesbury, MA,
205
USA). During all of these measurements, the CO 2 concentration was 380 ± 5 ppm, the
206
PAR was 1000 µmol m -2 s -1 , and the leaf temperature and leaf-to-air vapor pressure 207 deficit were 29 °C and 1.9 kPa, respectively. All measurements were performed in the The data were subjected to a two-way ANOVA (SPSS statistical package, Chicago, IL, 
RESULTS
220
Fruit yield and quality
221
The marketable yield (kg plant -1 ) was estimated from the total yield, by increasing the NaCl concentration in the NS decreased the yield progressively (Fig. 1) .
229
Tomato plants grown hydroponically had higher yields than those of the other two 230 cropping systems, for each salinity treatment. The loss of yield in perlite or NFT, 231 compared to the hydroponic system, or in salinity treatments S1 and S2, with respect to 232 S0, was due to a decrease in the mean fruit weight. The only decrease in the number of 233 fruits occurred in the NFT system with treatment S2.
234
The physical parameters of fruit quality -longitudinal and equatorial diameter,
235
shape index, and firmness -varied with both the cultivation system and the salinity 236 treatment; however, there was no interaction between these two factors ( Table 2 ). The 237 fruits from the hydroponic and perlite systems had higher values of longitudinal and 238 equatorial diameter, and lower values of the shape index, than those of the NFT system.
239
The firmness was greatest in the fruits from the hydroponic system, followed by perlite 240 and, finally, NFT. The increase in salinity decreased both diameters, equatorial and 241 longitudinal, as well as firmness.
242
Considering the parameters of juice quality -EC, pH, TSS, and TA -there were 243 no differences among the fruits of the three systems when the S0 irrigation treatment 244 was used. Salinity showed a tendency to increase the TSS, TA, and EC in the juice of 245 fruits of all three systems, but these increases were greatest in fruits from the NFT 246 system (Fig. 2) (Fig. 4) . The Na + /K + ratio increased with increasing NaCl concentration in the NS. In 274 the S1 treatment there were no significant differences among the cultivation systems,
275
but in S2 the values were highest for the NFT system, followed by hydroponics and 276 perlite.
278
Water relations and gas exchange parameters
279
The cropping system did not affect the values of the water relations (water potential,
280
Ѱ w , osmotic potential, Ѱ π , and turgor potential, Ѱ P ) of the plants in the S0 treatment.
281
Salinity decreased the value of Ѱ w in all treatments (except in the S2 plants in 282 hydroponics) due to a drop in Ѱ π , although in some treatments (S2 in hydroponics and 283 S1 and S2 in perlite) an increase in Ѱ P occurred (Fig. 5) . The lowest value of Ѱ w was 284 found in plants grown in the NFT system with treatment S2.
285
As for the gas exchange parameters, under non-saline conditions stomatal 286 conductance (g s ) was highest for plants grown in perlite, followed by NFT and also decreased with salinity but this decrease was similar in the two treatments, S1 and 294 S2, while in perlite salinity did not affect ACO2 (Fig. 6 ). Salinity decreased g s but its 295 effect did not depend on the cropping system (the system x salinity interaction was not 296 significant), while WUE and C i were not affected by salinity. From the data of total and marketable yield and leaf biomass obtained in this study, it 301 can be concluded that, for tomato plants of the variety 'Óptima' cultivated with non-302 saline NS, the hydroponic system is more productive, in both vegetative and fruit terms.
303
In the case of the fruits, this higher yield derived from a greater mean fresh weight per 304 fruit, while the number of fruits was not affected by the cultivation system. Regarding 305 the quality parameters of the fruits, there were hardly any significant differences among 306 the cultivation systems. As for mineral nutrition, all the major nutrients were maintained respectively. All these data suggest that the higher yield in hydroponics was due to the 311 fact that the plants had water and nutrients available to them at all times, while in the on leaves (Goyal et al., 2003; Zhu, 2003) . Effects of salinity and the cultivation system on the parameters of gas exchange 409 and water relations 410 The ACO2 in tomato plants can be affected adversely by salinity (Wu and Kubota, 2008) .
411
In our experiment ACO2 was decreased by salinity in plants grown hydroponically or in 412 the NFT system, but not in perlite. In addition, a significant, linear correlation of ACO2 closure (Farquhar and Sharkey, 1982) . This type of ACO2 response in relation to Table 2 . Effects of the cultivation system and salinity on the parameters of tomato fruit quality: equatorial and longitudinal diameters, shape index, hardness, and firmness.
For each column, values not sharing a common letter differ significantly at the 95% level, according to Duncan´s multiple-range test. In all cases, the mean value ± the standard error is shown (n=24). 
